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Parameter Best fit 68% limits

Primary CMB
The foundation of
modern cosmology

]
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QO h2 0.022069  0.02207 =+ 0.00027
Q.h? 0.12025  0.1198 + 0.0026
10060 1.04130  1.04132 + 0.00063
T 0.0927 0.09172 044
0.9582  0.9585 =+ 0.0070
3.0959 3.090 + 0.025
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CMB scattering sources (secondaries):
Thermal and Kinetic &
Sunyaev-Zel’dovich effects
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Amir Hajian for ACT N
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Statistically speaking

} ACT 148x148 - 182 -+ Radio Poisson
V&S Total ==v Kk -+ CIB Poisson
-, Lensed CMB « -[tSZ x CIB) ~=  CIB Clustered

3000 10000

Dunkley+13

Other secondaries
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Thermal Sunyaev-Zel'dovich Effect

® |nverse Compton scattering of CMB photons
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Thermal Sunyaev-Zel'dovich Effect

® Secondary anisotropies in the CMB

0.0005B,(Tgyp)

Kinetic SZE

® |ntegrated pressure
Thermal SZE

relativistic terms are small and

not included 100 200 300 400 500
Frequency (GHz)

Carlstrom et al 2002
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Kinetic Sunyaev-Zel'dovich Effect
® Doppler boosting of CMB photons

MICROWAVE BRACKGROUND
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ACT-CL J0102-4915, 2=0,870, .= % 41 _ ' "Woraieanii2

tSZ Jqu rced . -

Hot dense objects - -
like galaxy-clusters

Y ~ [y dA a M58,

.' ",':; I.'.' '*
Growth of strutture., -«. " .

. Optical +IRAC 3.6xm and 4.5um . b, L N oy
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“Standard” Measurements
Number counts or power spectrum
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Mass Function Ex.
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Mass proxies & form-factors

Selection function
Cluster counts & Mass proxy

dV dn(M ,

C, =g’ dz— dM

dz dM 2 (M Z)‘
0




X-roads Cosmology & Astrophysics

Alternative:
observed scaling relations

CAUCURESAN | otest cluster
still marginalized

over biases Cosmology

Limited by uncertainty
in the Y-M relation &
Pressure profile

Hasselfield et al 2013
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Modeling the ICM

Simulations or (Semi)Analytical

: : Komatsu & Seljak 2001, Ostriker et al. 2005, Bode et al
e.g. Da Silva et al 2000, Sprlngel 2001, Bond et al 2002, BBPSS 2010 2089(12 Sehgal et :Jﬂ 2010, éhaw et al 2010, Trac et al 2011

Star formation
Feedback (1 stelian)

Non-thermal pressure support
CF.Pp ...

Plasma processes Lo -, Niakkevicehigh & 2006
etc...

The ICM IS complex!
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Our Simulations -

Box lengths 200-400 Mpc h-'(2568, 5129
Halo-Mass resolution 10’ Mo A
Gadget2+ (SPH) with 3 “physics” models

- Non-radiative (Adlabatlc)
- =.Radiative Coolmg + SF + SNe+ CR
- “AGN” feedback (N EW!) ’_
~ 800 clusters with Maoo > 1014 Mo h 9
Lots Of,data to still be mined -

A new set of simulations is coming soon
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Simulation Pin Profile

f @
Total thermal energy

RZOO

— AGN feedback
_ _ Radiative cooling

— - Shockheating  Fit 0 old sims-
— Arnaud et al. 2009

BBPSS 2010
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Planck P Profile

Planck
XMM-Newton

B04+N07+P08
Dolag et al. (2012)
Battaglia et al. (2011)

Similar results for Coma
Planck Coll. 2013

Planck Coll. 2013




tSZ theory PS

Best-fit tSZ spectrum
Best-fit cluster counts
- CMB paper - EM12 tSZ template

Shaw et al. (2010)
. Battaglia et al. (2010)

TBO? = .30%

TBO! o .
K&S (2002) =~ uncertainty

in tSZ models

BBPSS 2010
Cuts at z < 0.07

removes low £ power

PR T T N 2 "

10°

Planck Coll. XXI 2013
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e AGN feedback

!
I
— - Tracetal. 2011
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|/2 the power
high z, low M
]015

BBPS 2012b
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Variance in Pi Profiles
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ICM inhomogeneities
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ICM inhomogeneities
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ICM inhomogeneities & tSZ PS

+ Clustering of clusters (Sub-dominant)




ICM inhomogeneities & tSZ PS

|

- —— Simulations
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State of tSZ PS

Planck |
WMAP9
ACT
SPT

0 |

2 100 500 1000 1500 2000 2500 3000
/

Wednesday, October 23, 13



State of tSZ PS

SPT

Story 2012
Reichardt 2012

WMAP

Bennett 2012

ACT

Das 2013
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l Courtesy of Brad Benson
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State of tSZ PS

[\ } ACT 148x148 --- (SZ Radio Poisson
— VLY — Total es kSZ ... CIB Poisson
| . i
103} o, e, v (ISZXCIB] CIB Clustered

2000 4000 6000 8000 10000

E Dunkley+13
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Planck y-map

e 5.0 v x 10°

Planck Coll. XXl 2013
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tSZ PS from y-map

. Planck Coll. XXI 2013

Planck Coll. XVI 2013 + WP + Highl, o, +ACT & SPT
Planck Coll. XVI 2013 + WP + Highl, A,

BBPSS 2010 |
BBPS 2012 + zcut correction " =
74

A




w— AGN feedback
-« Tracetal 2011
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Best-fit tSZ spectrum

Best-fit cluster counts
CMB paper - EM12 tSZ template
Shaw et al. (2010) =S’

Battaglia et al. (2010) e
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http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=2013arXiv1309.3282H&db_key=PRE&link_type=ABSTRACT&high=51f5bd1d3932441
http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=2013arXiv1309.3282H&db_key=PRE&link_type=ABSTRACT&high=51f5bd1d3932441

Cross Correlations
aka Stacking

.
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Cross Correlations

model
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Cross Correlations
aka Stacking
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Cross Correlations

AT(0) = Tsz + Tecup + Tors + Tt +1ps+ IV,
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Cross Correlations

Hajian, NB+ 2013

Used the raw Planck at 100-857 GHz
Also used the WMAP9 94 GHz
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Cluster Catalog

¥ RBC clusters
— Selection function ( Mgy, z2)
- = Selection function ( Mgy, z ) +/- 24%

EFLEX
CS
IZA

2=10

0.4 0.5
HBSBPS 2013
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Auto & Cross spectra
(ignoring clustering)

tSZ auto power spectrum Az xog®

C, =g’ dza;l—V dM%
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0

> dV dn(M.z) .
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" J 0.04 dz . 0 dM "




Cross spectra theory
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— AGN feedback
— - Selection Func. +/- 10%
—— Shock heating
— Radiative cooling

AGN feedback, z <0.11
—... AGN feedback,z>0.11
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HBSBPS 2013
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Cross spectra

® & WMAP 96 GHz
® ® 100 GHz
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N

£t +1)C, /2 [uK?] at 143GHz
) RN

Combined Xspec

|

% Planck Coll. XXI 2013

— Planck Coll. XXI 2013 best fit
—— BBPS cross spectrum fit [arbitrary units]

~2X smaller errors

- - BBPS 2012, no redshift cut

7,

J

L L] 1 ) 1 | I Ll I
e Optimally combined cross spectrum [arbitrary units]

’
//

HBSBPS 2013
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AGN feedback

radiative cooling

shock heating

AGN feedback +10%

AGN feedback -10%

AGN feedback all

Xspec Results

Spectrum

overdensity
number-count

overdensity
number-count

overdensity
number counts

overdensity
number-count

overdensity
number-count

number-count

Fit Parameter

Ay

1.06 £ 0.06
1.36 £+ 0.14

1.04 £ 0.06
1.33 £+ 0.14

0.88 & 0.05
5 52 28 A e

0.95 & 0.05
1.63 = 0.15

1.16 &+ 0.07
1.25 =+ 0.13

1.38 = 0.19

Derived Parameters

08(Q1\f/0.3) g
0.796 + 0.011
0.793 £ 0.011

U0 =2z -0:0%)

0.809 + 0.011

0.787 £ 0.010

os(WMAPY)  os(Planckl3)

0.812 = 0.009 0.810 £ 0.007
0.811 :i: 0.009  0.809 :t 0.007
0.802 = 0.009 0.801 + 0.008
0.819 :_i: 0.009  0.815 :I: 0.007

0.808 + 0.009  0.805 &+ 0.007

0.797 £ 0.015

0.812 £ 0.010 0.812 £ 0.008
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Constraints

[O] 1% constraints |

70.20 0.25 : : 0.40
HBSBPS 2013
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Can we do better?
Yes we can!

A Y
lanck Clusten '5\

)
~\~
I .9

e Optimally combined cross spectrum [arbitrary units)
x Planck Coll, XXI 2013

—— Planck Coll. XXI 2013 best fit

—— BBPS cross spectrum fit [arbitrary units]

- = BBPS 2012, no redshift cut
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kSZ from reionization "
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21cm signal Lya absorption in QSO spec
LOFAR -

\

MWM“W}\IHwm\‘m Mot ﬂl\(

_——

“y‘drogen + radiation — proton + + heat

l
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Current constraints

McGreer et al. (2011)1

Totani et al. (2006)1

Malhotra&Rhoads (2004)

| 1
I 1Fane(al. (20086)

geckar et al. (2007)

4 6 14
Zahn +12
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Big Questions

Mean redshift (z ) Duration ( A;)
How much can the kSZ tell us”?




Theoretical predictions

Gnedin &Abel 01; Ciardi+01;
Maselli+03; Alvarez+06; Mellema+06; lliev+06

Radiative Transfer + Hydro M d0enor Metunn: 07 a0 auberts

Finlato+09; Petkova & Springel 2009

Difficult to directly compare semi-analytic
method to simulations

Direct simulations of large cosmological
volumes are not possible
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Our Simulations

L100A 20485 20485 17 Bilion | -1 reonaton
L100B 2048 2048 17 Billion Ear'y;elo?gat'on
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Simulations

Trac+08

lonized density Z reionization field
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BTCL 2013
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Correlation + Bias

Gonstruct Functional Form

. \ Fiducial fit
4~ == L =100 Mpc/h Np =204 i \ —— Rad-Hydro simulations, early reionization
. —— Rad-Hydro simulations, ¢ : - i ', —— Rad-Hydro simulations, late reionization _
—— Rad-Hydro simulations, 13 zati v __ a=18k=0.]
L = 100 Mpc/h Np = 204 izati I ' a=02,k,=09
) i \
PR | M M L : P S T M M L PR S T " PR S PR S S S |

. 1.0
BTCL 2013 k [Mpc™ k] BTCL 2013
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The Model

bz (K)O(K)
=(k)

W,(k) =

Wednesday, October 23, 13



The Model

-% o " | 2]
N rutas SUNTER CF5 WA 1S

-40 20 0
Mpc/h
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Model comparison

Mpc/ h

0
Mpc / h BTCL 2013

Simulation Model

BTCL 2013 ' - Mpe / &
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Model comparison

Simulation Model

0 - -2 40
BTCL 2013 Mpc / h BTCL 2013

Xe (Z =8.1) ~ 50 % ionized
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Model comparison

—— Early reionization
— L.ate reionization

03 — l;da:(igydro simulations | P D F & C D F
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Model comparison

z=7.11, x;=0.72

Zahn+11
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Model comparison

N

z=7.56, x;=0.51

sagaduint?
T L)

=
Q
g
S~
.
o
-

Trac & Cen
McQuinn et al.

Zahn+11
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Model comparison

Matches well!

— x;~50%,z= 8.1, model
- - X, ~50%,z= 8.1, simulation
— X; ~80%,z= 7.6, model
- - X,~80%,z= 7.6,simulation
— X;~20%,z= 8.6, model
- - Xx;~20%,z= 8.6,simulation

1.0
k[ h/Mpc] BTCL 2013
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Results - xi (2)
lonization history for all cells

5 models shown

1. Fiducial

zZ=
7 =
Z=
z=
7 =

2. Long duration

3. Short duration

vary z

16
BTCL 2013
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kSZ Observables

Integrated maps, €.9. kSZ

BTCL 2013 o U1 ALC 9 .
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kSZ Observables

Integrated maps, e.g. kSZ

O [ Deg )

O Deg)
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kSZ Observables

Integrated maps, e.g. kSZ
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CMB polarization
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kSZ Fitting Function
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kSZ constraints

Excluded by
Lya-x at z=6
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kSZ constraints
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Planck + ACTPol + SPT-POL + ...
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kSZ Summary

Fiducial source
model for reionization
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Final thoughts

Secondary anisotropies are full of information!
Growth of structure - Astrophysics -
Reloniaztion

There’s already a plethora of observations of

CMB secondaries (and more are coming)

Data driving the theory...

Thank you!



